ABSTRACT New gene functions arise within existing gene families as a result of gene duplication and subsequent diversification. To gain insight into the steps that led to the functional diversification of paralogues, we tracked duplicate retention patterns, expression-level divergence, and subcellular markers of functional diversification in the Rab GTPase gene family in three Paramecium aurelia species. After whole-genome duplication, Rab GTPase duplicates are more highly retained than other genes in the genome but appear to be diverging more rapidly in expression levels, consistent with early steps in functional diversification. However, by localizing specific Rab proteins in Paramecium cells, we found that paralogues from the two most recent whole-genome duplications had virtually identical localization patterns, and that less closely related paralogues showed evidence of both conservation and diversification. The functionally conserved paralogues appear to target to compartments associated with both endocytic and phagocytic recycling functions, confirming evolutionary and functional links between the two pathways in a divergent eukaryotic lineage. Because the functionally diversifying paralogues are still closely related to and derived from a clade of functionally conserved Rab11 genes, we were able to pinpoint three specific amino acid residues that may be driving the change in the localization and thus the function in these proteins.
INTRODUCTION
Gene families expand and their members diversify in function over time via the process of retention of individual gene duplicates and subsequent sequence changes (regulatory or protein coding) in sequence, leading to functional changes. This process is subject to both genomic and cell physiological constraints and is a major contributor to the diversification of cellular functions in different lineages Qian and Zhang, 2014) . However, we have little understanding of how evolutionary forces interact with constraints at the subcellular level to determine whether a duplicate will be retained and, if it is, whether and how its function will change over time.
Gene duplication events occur in genomes at rates approximating the mutation rate per nucleotide site (Lynch and Conery, 2000) . However, most gene duplicates are lost through nonfunctionalizing mutations (Lynch and Conery, 2000) . Duplicate genes that are retained may experience several functional fates, including conservation of function, subfunctionalization (division of the ancestral functions between the two duplicates), or neofunctionalization (one copy takes on a new function; Force et al., 1999; Conant and Wolfe, 2008; Hahn, 2009 ). In addition, recent whole-genome studies in Paramecium and yeast species support a model in which duplicates are often retained due to constraints on changes in dosage; this retention may produce a milieu in which functional change can occur (Qian and Zhang, 2014; Gout and Lynch, 2015) . To better understand these intermediate steps that lead to functional change between duplicates, we examined closely related duplicates produced in Paramecium aurelia genomes as the result of whole-genome duplication (WGD), as well as less closely related paralogues within the same subfamily of genes. and WGD2 are extant, providing a large data set of closely related paralogues to study (Aury et al., 2006; McGrath et al., 2014a,b) . This high number of retained duplicate genes from P. aurelia-specific WGDs (and, possibly, the older WGDs) within the species complex represents a host of candidate intermediates on the path to functional change. There is also evidence that at least some WGD1 paralogues in the P. aurelia complex have diverged in function (Schilde et al., 2010; Sehring et al., 2010; Osińska et al., 2011) .
In this study, we performed a comprehensive genomic analysis of entire Rab gene families in each of three Paramecium aurelia species (P. biaurelia, P. sexaurelia, and P. tetraurelia) . To understand genomic constraints on Rabs in the period after duplication, we tracked patterns of Rab gene retention and loss, and divergence in expression levels between WGD1 (recent) Rab duplicates. To track functional fates of P. aurelia Rab orthologues and paralogues at the subcellular level, we focused on the expanded Rab11 subfamily, localizing seven key family members in their respective cells. We found evidence of functional diversification in the form of a change in localization from the phagocytic recycling pathway to contractile vacuole tubules. Because the paralogues are still highly similar in amino acid sequence, we were able to identify several amino acid residues that may be driving the localization change.
RESULTS

P. aurelia genomes contain very large Rab gene families
We identified the full complement of Rab homologues in each of three Paramecium aurelia species, P. biaurelia, P. sexaurelia, and P. tetraurelia, and one out-group, P. caudatum, through a combination of BLAST analysis of de novo-assembled genomes and verification of the presence or absence of WGD1 paralogues by examination of paralogous segments of the assembly (McGrath et al., 2014b) . We defined genes as Rabs based on the presence of five Rab-specific domains, or RabFs, defined previously (Pereira-Leal and Seabra, 2001) . We also used Rabifier (Diekmann et al., 2011) to confirm our Rab-calling; the designations were largely in agreement, with some manual removal of divergent Rab-like genes and apparently misannotated genes (Supplemental Table S1 ).
In this way, we uncovered Rab gene families in Paramecium genomes that are larger than those in other well-studied eukaryote genomes (Table 1) . Part of the gene family expansion in the P. aurelia complex is the result of the two WGDs; however, the preduplication out-group species P. caudatum contains 90 Rabs, more than most other eukaryotes (Diekmann et al., 2011) . In addition, there is evidence that Rab family size is at least partially correlated with genome size; an earlier study found that ∼60% of the variance in Rab family size between organisms can be explained by genome size alone (Diekmann et al., 2011) . However, this may be biased by the available genomes, which are not sampled evenly across the eukaryotic tree. The previous study and others also found multiple independent eukaryotic phyla with large lineage-specific expansions and sequence diversification of Rabs (Rutherford and Moore, 2002; Lal et al., 2005; Saito-Nakano et al., 2005 , 2010 Bright et al., 2010) . These expansions in Rab families appear to correspond to an increase in the number of trafficking pathways, which is consistent with evidence that both Tetrahymena thermophila and Paramecium species have a large number of subcellular trafficking pathways (Plattner, 2010) , particularly from a localization study in T. thermophila, in which a majority of Rabs were found to have distinct specialized patterns (Bright et al., 2010) . Significant expansion of Rab gene families in different lineages is also believed to accompany tissue specificity (in multicellular organisms; Gurkan et al., 2005; Diekmann et al., 2011) or life-stage specificity (Quevillon et al., 2003; Bright Rab GTPases comprise the largest gene family of membranetrafficking determinants, that is, proteins that control membranetrafficking steps within eukaryotic cells (Behnia and Munro, 2005) . Duplication and functional diversification of paralogues within these determinant families is now believed to be the driving force of the increasing number and complexity of membrane-trafficking pathways in different eukaryotic lineages (Schlacht et al., 2014) . Rabs in particular, as the most specific determinants in terms of localization patterns (Stenmark, 2009) , are believed to be important drivers of this process. This may be due to particular biochemical and evolutionary properties of Rab GTPases.
When activated by GTP binding, Rabs connect upstream vesiclebudding events to downstream motility and fusion with specific target compartments by binding to various effectors, including motor proteins, tethers, and other target membrane-bound proteins (Angers and Merz, 2011; Cherfils and Zeghouf, 2013; Khan and Ménétrey, 2013) . Thus the role of Rab proteins as central regulators of trafficking steps depends on their ability to rapidly cycle on and off membranes and to have transient but specific interactions with many different protein partners, which often have overlapping binding sites (Biou and Cherfils, 2004; Khan and Ménétrey, 2013) . The site of activity and thus specificity of each Rab protein are determined by interactions with specific key effectors and switch proteins (Aivazian et al., 2006; Cherfils and Zeghouf, 2013; Khan and Ménétrey, 2013) . When bound to different effectors and exchange factors, Rab conformations change rapidly throughout their activation cycle in the cell. There is also indirect evidence that Rab conformation may change rapidly over evolutionary time between paralogues, but this is still a poorly understood mechanism (Diekmann et al., 2011; Cherfils and Zeghouf, 2013; Khan and Ménétrey, 2013) . This ability to shift rapidly in structure and binding partner(s), and consequently functional location in the cell, appears to be accompanied by changes in a small number of key residues at or surrounding effector binding sites (Merithew et al., 2001; Stein et al., 2012) ; these qualities may play a role in the evolutionary plasticity of Rabs (Biou and Cherfils, 2004; Bright et al., 2010) .
However, for a large subset of Rab GTPases, structure and function are very conserved across eukaryotic lineages, enabling their study and particular use in tracking and reconstructing the ancestral set of pathways and compartments in the last eukaryotic common ancestor (LECA). The LECA is believed to have had 20 Rabs or more, with the attendant complexity in membrane-trafficking pathways (Diekmann et al., 2011; Elias et al., 2012; Klöpper et al., 2012) . In addition, both the expansion and loss of Rab paralogues, in parallel with similar processes in other determinant gene families, appear to have had a major role in sculpting the endomembrane system in different eukaryotic lineages (Elias et al., 2012; Schlacht et al., 2014) .
Species in the Paramecium aurelia complex of unicellular ciliates present a unique model system for studying the genomic and functional effects of gene duplication. The 15-species P. aurelia complex emerged after two WGDs. On average, 50% of duplicates have been retained in each species from the most recent WGD, WGD1 (between 42% for Paramecium sexaurelia and 52% for Paramecium biaurelia), and on average, 24% of duplicates have been retained from WGD2, the more ancient WGD, with a slow process of ongoing loss likely still occurring (McGrath et al., 2014a) . In addition, the P. aurelia complex shares an even more ancient WGD, WGD3, with the out-group species Paramecium caudatum (McGrath et al., 2014b) , from which 8% of duplicates are retained in P. tetraurelia (Aury et al., 2006) . Thus, unlike other model systems, such as Saccharomyces cerevisiae, in which most duplicates have been lost (Wolfe and Shields, 1997; Scannell et al., 2007) , a large fraction of P. aurelia genes from WGD1 times to achieve a measure of statistical significance. We found that the average retention rate of Rab genes was still significantly greater than that of similarly highly expressed genes (Table 2) . Thus the higher average expression level of Rabs does not solely explain their higher retention rates in the P. aurelia genomes. Another parameter that strongly influences the probability of post-WGD paralogue retention is dosage-balance constraint, which favors the retention of genes encoding proteins that are part of stable complexes with other proteins (Papp et al., 2003; Aury et al., 2006) . Although at least some Rabs are homodimeric, particularly when GDP bound (Pasqualato et al., 2004) , this conformation does not bear on dosage-balance constraints with other genes. For the most part, Rabs are not part of heteromeric stable protein complexes, instead interacting transiently with many other protein partners (Biou and Cherfils, 2004) ; thus the high retention rate of Rabs in P. aurelia genomes is even more striking.
Rab duplicates produced as a result of the most recent WGD are more divergent in expression level than other duplicate pairs A divergence in expression levels between two paralogues can be a signature of functional diversification (Lynch and Conery, 2000; Qian and Zhang, 2008; Gout and Lynch, 2015) . Because all regulatory regions are duplicated along with the coding sequences, paralogues from a WGD are born with identical expression patterns. Subsequent changes in regulatory regions, however, can lead to divergence in expression between paralogues. To assay the degree of divergence in expression levels between P. aurelia Rab duplicates, we calculated the Pearson's r of mRNA expression levels between WGD1 pairs of P. aurelia Rabs (McGrath et al., 2014b) . Of importance, this is a comparison between duplicates that are all the same age, and thus differences in expression levels cannot be caused by different ages of duplicates. Because expression levels are more conserved in pairs of highly expressed than in lowerexpressing genes , we compared the average r of all Rab WGD1-retained ohnologons to that of randomly selected ohnologons with similar average expression levels. We found that, in all three P. aurelia species examined, Rab WGD1 ohnologons have a lower correlation of expression level than others with similar average expression levels (Table 3 ), although this difference was not significant in P. tetraurelia, possibly because the lower amount of RNA sequencing data available in this species results in a noisier gene-expression level estimation (Materials and Methods). Because microarray analysis across different conditions has been conducted in P. tetraurelia (Arnaiz et al., 2010) , we were able to calculate correlations of expression level across different life stages and conditions for each pair of WGD1 duplicates in P. tetraurelia. We found an average r = 0.38 for the P. tetraurelia Rab paralogues versus 0.49 for similarly expressed, randomly drawn genes in the genome (p < 0.001; based on 1000 random drawings), suggesting that expression patterns of P. tetraurelia Rab paralogues across life et al., 2010; Saito-Nakano et al., 2010) . It is not known what overall pattern of innovation and conservation Paramecium Rabs follow, but there is evidence that many Paramecium paralogues are retained as the result of constraints on gene dosage Gout and Lynch, 2015) .
P. aurelia Rabs have higher expression levels and paralogue retention than other genes
To make inferences about evolutionary forces acting at the genomic level in Paramecium Rab GTPase families, we tracked retention and expression patterns within full Rab gene families in P. biaurelia, P. sexaurelia, and P. tetraurelia. By tracing ohnologons (an ohnologon is a pair of duplicates from a WGD, or the single remaining gene in the case of gene loss) produced from the most recent WGD, WGD1, we found that sets of P. aurelia Rab duplicates from WGD1 are retained at between 61 and 70%, which is significantly higher than the genome-wide retention rate in all three P. aurelia species (Table 2) . However, we also found that Rabs are, on the whole, more highly expressed than other P. aurelia genes (Table 2) , and previous work showed that highly expressed genes are more likely to be retained in duplicate than genes with low expression . Therefore, to ascertain whether the higher overall expression levels of Rabs completely explain the higher paralogue retention rate, we randomly selected sets of duplicate genes from the genome with similar expression levels to those of Rab genes and compared their retention rates to those of Rab duplicate pairs. Each set comprised the same number of genes as the number of Rabs. We then repeated this random drawing process 1000
Species
Number of predicted Rabs
Homo sapiens 63
Arabidopsis thaliana 57
Saccharomyces cerevisiae 12
Plasmodium falciparum 11
Dictyostelium discoideum 54
Entamoeba histolytica 91
Tetrahymena thermophila 60
Paramecium caudatum 90
Paramecium tetraurelia 172
Paramecium biaurelia 146
Paramecium sexaurelia 134
Data for other species are from H. sapiens, A. thaliana, and S. cerevisiae (Pereira-Leal and Seabra, 2001); P. falciparum (Quevillon et al., 2003) ; D. discoideum (Lal et al., 2005) ; E. histolytica (Saito-Nakano et al., 2005) ; and T. thermophila (Bright et al., 2010) . Methods) . We then compared these numbers to subfamily sizes in well-studied lineages (for which functional data on the roles of Rabs within the subfamilies are available; Diekmann et al., 2011; Elias et al., 2012; Klöpper et al., 2012) . Note that "loss" from a subfamily may simply designate high sequence divergence and thus would place a given gene in the less-conserved one-third of Rabs. We found that Paramecium genomes contain recognizable descendants of 12 of ∼23 proposed LECA Rabs, representing all six major clades ( Figure 1 and Supplemental Table S1 ). We found five clearly and highly expanded Rab subfamilies in Paramecium genomes, including Rab1, 2, 6, 8, and 11 ( Figure 1 ). Both Tetrahymena and Paramecium share all of these expansions, although they are magnified in P. aurelia species (particularly the Rab1 and 2 expansions), in large part due to the two successive WGDs. Many Rab clades that were present in the last eukaryotic ancestor appear to have been lost or become highly divergent in sequence in the SAR lineage (including Rab14. 24, 32B, and 34), the alveolate lineage (Rab20 and 50 and RabTitan), and the ciliate lineage (including Rab22 and 23) or in one ciliate lineage and not another (including Rab18, 28, and 7L1, lost in Paramecium and not Tetrahymena, and RabX1, lost in Tetrahymena and not Paramecium; Figure 1 ). These losses have occurred across five of the six larger ancestral clades of Rabs.
Localization analysis reveals functional diversification between paralogues in the expanded Rab11 subfamily in Paramecium
The Rab11 subfamily is expanded in both Paramecium and Tetrahymena lineages; in addition, this subfamily is also highly expanded in the plant Arabidopsis thaliana, encompassing a large portion of its total Rab count (Rutherford and Moore, 2002) . Previous work in both Tetrahymena (Bright et al., 2010) and Arabidopsis (Choi et al., 2013) showed that functional diversification accompanied this expansion. The ancestrally conserved function of the Rab11 protein is in trafficking to and from the recycling endosome. This compartment's central role in membrane trafficking appears to predispose the subfamily to functional diversification; Rab11 paralogues direct traffic between the recycling endosome and the plasma membrane, between sorting endosomes and the recycling endosome, and between the recycling endosome and the trans-Golgi network (Kelly et al., 2012) . As a result of their roles in trafficking to this centralized and highly interconnected compartment, in addition to key roles in receptor and membrane recycling, Rab11 subfamily members are involved in many eukaryotic cell processes, including delivery of material to the cleavage furrow during cytokinesis , phagocytosis (Cox et al., 2000) , long-term potentiation (Wang et al., 2008; Kelly et al., 2011) , cell stages are, on average, more divergent than that of other gene families.
Finally, to ascertain whether these differences might be caused by a higher proportion of genomic rearrangements surrounding or near Rab genes, we tested whether there were, overall, more rearrangements around Rabs. We found that if we look specifically at Rabs, 95% of annotated Rabs are in syntenic blocks (uninterrupted by rearrangements), whereas 90% of genes in the genome on the whole are in such syntenic blocks. This observation indicates that most, if not all, gene expression changes between Rab duplicates are not caused by genomic rearrangements and supports a model in which differences in expression level come from small-scale mutations (base substitutions, small insertions, and deletions) in the regulatory regions of Rab genes as opposed to large-scale mutations.
Specific Rab subfamilies are expanded in the Paramecium lineage
Phylogenetically, the Rab GTPase family can be divided into six ancient, deep-branching clades, which originated long before the last common eukaryotic ancestor (LECA; Elias et al., 2012) . These six ancient clades contain conserved members representing the breadth base of the oral apparatus (with a very strong signal), filaments (likely to be vesicles associated with actin filaments) leading to the oral apparatus and to acidified structures that include vesicles and larger, more tubulated structures that may represent phagoacidosomes, or another structure that overlaps with the endolysosomal pathway ( Figure 2B ). Time-lapse imaging of cells exhibiting this pattern (Supplemental Video S2) shows that this is likely to be a membrane-recycling pathway of spent food vacuolar membrane to the base of the oral apparatus (Allen et al., 1993) . In summary, the entirety of clade I appears to share this pattern, and we predict that both the one unlocalized in-group orthoparalogue (t11i1) and the preduplication out-group orthologues share this pattern, as it appears to be ancestral to the group. This assessment was strengthened when one of the clade A proteins was localized, as it shares this very specific localization pattern ( Figure 2B ). However, when two members of the C clade were labeled, their localization pattern was divergent from the others. Although they share some targeting to the base of the oral apparatus with the other two clades examined, members of the C clade appear to have much more signal in the cytoplasm (P. tetraurelia 11c1-GFP) and to label the contractile vacuole complex (CVC) and the nuclear envelope (P. biaurelia 11c2-GFP; Figure 2 and Supplemental Figure S1 ). It remains to be determined whether other members of the C clade, including the preduplication orthologues, share these pattern(s) or harbor intermediate localization patterns with the other clades. Of importance, in this study, we observed no instances of diversification between duplicates produced as the result of WGD1 or 2. We uncovered evidence of diversification only of older paralogues. Because the I and C clades are more closely related to one another than to the out-group A clade (Figure 2) , we made the evolutionary inference that the targeting of the A and I clade Rab11 paralogues to filaments and putative phagoacidosomes is the ancestral pattern, whereas the localization to CVCs and the nucleus seen in the C clade is derived. In addition, the localization pattern at the base of the oral apparatus is shared by all Rab11 paralogues examined thus far, indicating that some ancestral function is retained.
Functional diversification between Rab11 paralogues traces to changes in three key amino acids
Earlier sequence-based analysis identified specific domains in Rab proteins believed to determine the specificity of different subfamilies (Pereira- Leal and Seabra, 2000) . Subsequent combined sequence and structural analysis further pinpointed specific residues that correlate with conformational changes of key binding pockets in Rab proteins (Merithew et al., 2001) . Because the binding partners that interact with these pockets are integral both for linking Rab activity to downstream motor and fusion functions and directing Rab localization and activity to specific membranes, these specific amino acids may themselves be determinants of specificity and, therefore, localization. Of interest, the discovery of one or a small number of amino acids that cause changes in function is not without precedent; earlier work identified, via a very carefully targeted small interfering RNA knockdown study, different functional effects from targeting two different splice variants, or isoforms, of human Rab6A that differ by only two amino acids (Del Nery et al., 2006) .
Even though the A, C, and I clades are related by ancient gene duplication events that appear to predate even WGD3, the protein sequences are still closely related enough, particularly in key functional domains, that we were able to pinpoint specific amino acid changes that may be driving the functional diversification migration (Yoon et al., 2005; Caswell et al., 2008) , and pathogen resistance (Guichard et al., 2014) .
Ciliates, including Tetrahymena and Paramecium-as befits voracious swimming bacterivores-have elaborate, yet highly efficient phagocytic pathways requiring the recycling of massive amounts of membrane (Allen et al., 1993) . As Paramecium cells swim, specialized cilia sweep bacteria into a specialized oral apparatus, from which large food vacuoles rapidly and continually form in the presence of food particles. Unlike mammalian (Steinman et al., 1983) or amoeboid (Bowers, 1980) phagocytic cells, in which food vacuoles are formed from the plasma membrane, Paramecium food vacuoles are composed of recycled intracellular membrane (Allen and Wolf, 1974) . Membrane is recycled back to the base of the oral apparatus from several points in the phagocytic pathway. Early phagosomes quickly become acidified phagolysosomes through the fusion of smaller, endocytic-derived, low-pH acidosomes with the larger vacuole; these acidosomes soon pinch off as discoidal or flattened vesicles to return back to the oral apparatus (Allen et al., 1993) . Later-stage phagosomes encounter secondary lysosomes, which fuse and then pinch back off to rejoin the lysosomal pool of vesicles (Allen and Fok, 1984) . Membrane recycling also occurs from the cytoproct (Allen and Wolf, 1974, 1979) . Each of these membranerecycling steps must involve specialized molecular components. In addition, T. thermophila Rab11 paralogues have diverse and nonoverlapping localization patterns, targeting to the oral apparatus (TtRab11B), endocytic recycling compartments (TtRab11A, D), or plasma membrane (TtRab11E, G; Bright et al., 2010) . Analysis of T. thermophila Rab11 localization patterns did not elucidate a clear ancestral link between these compartments. We hypothesized that localization analysis of Rab11 proteins in the P. aurelia complex might shed more light on the evolution of phagocytic membrane recycling in these cells and others, as well as conservation and diversification of Rab11 paralogues.
We localized seven Rab11 proteins representing three conserved Rab11 clades as N-terminally tagged GFP-Rab proteins (Figure 2 and Supplemental Figure S1 ). Of a possible 14 paralogues in these three clades, we injected 11 and were able to detect GFP signal from 7 Rab11-GFP fusion proteins in cells. Subcellular localization patterns were determined in live cells using confocal microscopy and verified both by the highly characteristic morphology of structures, such as the oral apparatus and contractile vacuoles in Paramecium cells (Allen, 2000; Sehring et al., 2010) , and colabeling with a subcellular marker dye, LysoTracker ( Figure S5 and Supplemental Video S2). The identification of structures by characteristic morphology was conducted using simultaneously captured differential interference contrast images (see Supplemental Video S1 for a representative movie). In Paramecium cells, acidic structures include acidified phagolysosomes, phagoacidosomes (structures that have been shown to form a link between the endocytic and phagosomal pathways), and lysosomes (Allen et al., 1993) . We analyzed the specific compartments to which the Rab11-GFP fusions targeted and whether they shared similar localization patterns to paralogues within and between Rab11 clades (Figure 2 , B and C). All constructs were expressed and analyzed in cells from the native species, unless otherwise indicated.
Within the I clade, which, along with one orthologue from each of the two preduplication species, contains two P. biaurelia WGD1 paralogues, two P. tetraurelia WGD1 paralogues, and just one P. sexaurelia orthologue, we were able to localize the two P. biaurelia paralogues, one of the P. tetraurelia paralogues, and the P. sexaurelia orthologue (Figure 2A) . Of interest, all four of these proteins shared a nearly identical localization pattern. These proteins all label the level. This combination of events might have set the stage for later functional diversification to occur, which is indeed what we observe in older pre-WGD1 and -2 paralogues. This retention and later diversification may be particularly true in P. aurelia genomes, which lose duplicates at a relatively slow rate (McGrath et al., 2014b) . It may also be true for Rab proteins specifically, as Rabs appear to be particularly nimble in space and time, cycling rapidly through activation and inactivation steps, on and off membranes, and with many different effector and exchange factor proteins. These combined characteristics of Rabs and P. aurelia genomes may have led or be leading to a high amount of functional diversification in P. aurelia Rabs and contributing to diverse roles in membrane trafficking. For this reason, the Rab GTPase family in P. aurelia is a particularly good system (Figure 3) . Only three amino acids flag changes in conserved domains in the C clade of Rab11 paralogues; these residues are located adjacent to or within key effector binding sites, and conformational changes in these sites are correlated with dramatic changes in effector binding partners (Merithew et al., 2001; Biou and Cherfils, 2004) .
DISCUSSION
In this study, we examined how early stages in the evolution of Rab duplicates have unfolded in a group of closely related P. aurelia species. It appears that, after a whole-genome duplication in the P. aurelia lineage, Rab duplicates were retained at a higher rate than other genes in the genome and were able to diverge in expression Green signal is that of the protein-GFP fusion as expressed in the native species. Red signal is LysoTracker Red; areas of overlap are yellow. In each cell, arrows mark the base of the oral apparatus, arrowheads mark contractile vacuole complexes, and flat-headed arrows mark putative phagoacidosomes (except in the clade C cell). Each representative cell represents >10 identical localization patterns recorded for each fusion. The P. biaurelia Rab11c cell image does not include the LysoTracker Red channel to better show the cytoplasmic vs. organellar GFP signal (see Supplemental Figure  S1 for individual channels and merged images for each GFP fusion made). (C) Chart exemplifying the presence and absence of key components of the localization patterns.
it is known that these parallel versions of phagocytosis intersect the endolysosomal pathway at several points (Schmid et al., 2014) , it is not known how many or in what way the molecular components are conserved or subject to innovation and whether that innovation involves recruitment of new types of genes or duplication and diversification within existing gene families. However, it is hypothesized that the latter is a major part of this process (Wideman et al., 2014) .
With regard to the switching of function from a canonical or conserved endocytic/phagocytic recycling pattern to a contractile vacuole recycling pattern in the C clade, there is evidence that in both trypanosomes (which are excavates, a different eukaryotic supergroup than alveolates, of which ciliates are part; Jeffries et al., 2001; Ulrich et al., 2011) and Dictyostelium (which are in the Amoebozoa phylum; Harris et al., 2001) , Rab11 proteins are involved in both endocytic recycling and contractile vacuole functions. Because all three of these eukaryotic lineages are highly divergent from one another, these organelles may be ancestrally related, possibly through ancient lysosomal-related organelles (Docampo, 2015) . This ancient relatedness may mean that the two pathways share similar components, facilitating functional switching of a Rab11 paralogue from one compartment to the other. The foregoing example shows clearly that as we amass functional data on gene-family members from disparate branches of the eukaryotic tree and observe the repeated cooption of duplicates from one molecular pathway to another, we gain key information about the evolutionary history of these compartments.
On a shorter evolutionary time scale, this work provides a clear case in which the study of multiple sets of retained duplicates across multiple species can elucidate parallel evolution and, in the process, provide insight into a small number of amino acid changes that may be driving functional (and, potentially, structural) change. In addition, it provides support for a model in which whole-genome duplicates are retained over long periods of time, possibly for dosage reasons, setting the stage for functional diversification to occur.
MATERIALS AND METHODS
Rab identification and phylogenetic comparisons
Using known T. thermophila Rabs, we identified a set of putative Rabs by taking the top five hits from BLASTP searches of all in which to observe duplicate diversification at both the genomic and subcellular levels.
Five of the seven proteins localized in this study had nearly identical and broad localization patterns, encompassing filaments returning to the base of the oral apparatus, putative phagoacidosomes, and sites on the plasma membrane. Strikingly, this pattern is very different from that observed in the T. thermophila Rab11 subfamily, in which each Rab11 paralogue has a specific, unique localization pattern (Bright et al., 2010) . However, whereas most or all of the closely related P. aurelia paralogues are believed to have arisen from WGDs (Aury et al., 2006) , the T. thermophila Rab paralogues derive from more ancient tandem duplications (Eisen et al., 2006) . Tandem duplicates and WGD-derived paralogues may have different evolutionary trajectories after duplication due to either constraints imposed by linkage (Lynch and Conery, 2000) or dosage, with WGD-derived paralogues more likely to be retained initially for dosage-balance reasons (Papp et al., 2003) and tandem duplicates more likely to acquire new, beneficial functions . However, even in the small set of proteins that we localized in this study, we see functional diversification, in the form of localization changes, that have occurred and may still be occurring, nested within conserved-localization clades, supporting a model of functional change occurring after retention in a functionally conserved state for long periods of time.
In future work, it will be important to determine whether other members of the C clade, particularly the preduplication orthologues, share the diversified (and possibly less specific) pattern that P. biaurelia 11c2 and P. tetraurelia 11c1 display. This may illuminate intermediate steps and shed light on the timing of this functional change.
The broadly shared and presumably ancestral localization pattern of a pair of Rab11 clades uncovered by this study (a subset of all Rab11 clades in Paramecium genomes, it must be noted) strengthens the case for the conservation of extensive interactions between the phagocytic and endocytic pathways (Yutin et al., 2009; Boulais et al., 2010) . Phagocytosis, considered to be a specialization of endocytic pathways, was probably used by the ancestral eukaryote in a nutritive capacity, just as it is employed by freeswimming heterotrophic protists today. However, phagocytic functions have been lost in many eukaryotic lineages and have evolved into immune-related functions in macrophages. Although the FPKM value of all genes to avoid log transformation of a null value (McGrath et al., 2014b) .
To measure retention rates for similarly expressed genes, we randomly drew sets of WGD1 ohnologons with the same expression level as the set of Rab WGD1 ohnologons (86, 83, and 102 ohnologons for P. biaurelia, P. sexaurelia, and P. tetraurelia, respectively) from the genome and calculated their overall retention rate. The random drawing was repeated 1000 times for each species; p values are calculated as the fraction of times out of the 1000 drawings when the randomly drawn ohnologons have equal or higher retention rates than Rab ohnologons.
To calculate correlation of expression levels between duplicates, we analyzed two sets of expression data. First, because RNA sequencing data from vegetative cells were available for vegetative growth for all four species studied (McGrath et al., 2014a,b) , we were able to calculate the Pearson's r of expression level between retained WGD1 Rab paralogues in P. biaurelia, P. sexaurelia, and P. tetraurelia. Because highly expressed paralogues tend to have less divergence in expression level Gout and Lynch, 2015) , we compared the r to that of WGD1 paralogues with similar average expression level. We made 1000 random drawings of the same number of non-Rab WGD1 pairs (60, 51, and 70 WGD1 paralogue pairs from the P. biaurelia, P. sexaurelia, and P. tetraurelia genomes, respectively) and computed r across the sets of randomly drawn non-Rab pairs after each drawing. We calculated p values as the number of random drawings with r equal to or less than that of Rab WGD1 pairs. Second, we used microarray data available in P. tetraurelia across several conditions and life stages (Arnaiz et al., 2010) to calculate r across those stages for Rab and non-Rab WGD1 pairs in that species. Again, we made 1000 random drawings of 70 non-Rab WGD1 pairs and computed r values across sampled microarray conditions for each pair. Numbers reported in the text represent averages of r values for each pair, and the p value was calculated again as the number of random drawings with r equal to or less than that of the P. tetraurelia Rab WGD1 pairs.
Rab-GFP expression in live cells
We attempted cloning and localization of the majority of the P. aurelia Rab11 genes in these three clades (11 of 14); however, of 11 cloned and injected, we were able to detect GFP signal for seven genes. Included in the set to which we did not successfully express a GFP fusion are P. tetraurelia 11i2, P. biaurelia 11c1, P. sexaurelia 11c1, and P. sexaurelia 11a, which would potentially have provided valuable information about how genes within the 11c and 11a clades are or are not diversifying from one another.
Rab-GFP gene fusions were cloned using the Gateway system (ThermoFisher). PCR-amplified Rab genes were TOPO cloned into the pENTR-D-TOPO entry vector. CACC was added to each forward primer to enable directional cloning into pENTR-D. The expression vector for constitutive expression under the calmodulin promoter was obtained from Jean Cohen as pPXV (Hauser et al., 2000) and converted into a Gateway destination vector using the Gateway conversion kit (ThermoFisher). The genes were recombined into this final destination expression vector using the Clonase reaction (ThermoFisher) and screened by diagnostic digest and Sanger sequencing.
Paramecium cells from P. biaurelia, P. sexaurelia, P. tetraurelia, and P. caudatum were grown in wheat grass medium infused with Klebsiella bacteria (Beisson et al., 2010) .
Linearized Rab-GFP expression constructs containing Paramecium telomeres on each end were injected into the macronucleus of predicted proteins in each Paramecium genome (e-value cutoff of 1 × 10 −5 , but all results had e-values < 1 × 10 −40
; McGrath et al., 2014a,b) . From this large initial set, we analyzed all translated putative Rab sequences for the presence of five Rab-specific motifs: IGVDF, KLQIW, RFRSIT, YYRGA, and LVYDIT (Pereira- Leal and Seabra, 2000) . Genes with a majority of motifs that resembled other Ras-like GTPases and those without C-terminal prenylation motifs (Rab-like proteins) were eliminated from the Rab set. The full Paramecium Rab tree (Supplemental Figure S1 ) was made by aligning the full (untrimmed) Rab amino acid sequences using the Muscle program. Some minimal manual adjustment was made to the alignment to align known conserved Rab domains; Supplemental Figure S2 gives the full amino acid alignment. The neighbor-joining (NJ) tree was made using the Jukes-Cantor substitution model and 100 bootstrapped replicates to construct the consensus tree shown in Supplemental Figure S1 . The out-group used was P. tetraurelia Ran GTPase 1a. The larger phylogeny of the entire Rab gene family was then used to make preliminary groupings of Paramecium Rabs into subfamilies (Supplemental Table S1 ). Subfamilies and orthology (with specific T. thermophila Rabs) were confirmed by reciprocal tblastn of coding sequences with e-value cutoffs of −10 used for the reciprocal BLASTs; however, the phylogenetic criteria were always more stringent (i.e., a Tetrahymena or human landmark sequence might come up as a first-hit homologue using BLAST but would not robustly group with the Paramecium set of orthoparalogues in the smaller NJ phylogeny). Subfamily alignments and trees are available upon request. Rabs were numbered by subfamily (Rab1, 2, etc.) according to their closest human and T. thermophila orthologues; paralogues within a subfamily were then named a, b, c, and so on, until all paralogues in a subfamily were lettered. WGD1 paralogues were then numbered 1 and 2 if both were retained.
For the Rab11 subfamily tree shown in Figure 2 , both NJ and maximum-likelihood (ML) phylogenies were constructed from nucleotide alignments of the coding sequences, trimmed to remove the faster-evolving N-and C-terminal regions (see Supplemental Figures  S3 and S4 for the trimmed nucleotide and translated amino acid alignments used, respectively). The ML tree was constructed using the PhyML program (Guindon et al., 2010) and rooted with the PtRab2a1 sequence; the TN93 substitution matrix was used, and the Subtree Pruning and Regrafting topological moves algorithm (Hordijk and Gascuel, 2005) was used to search the tree space and determine the best topology. The topologies of the trees made by both NJ and ML methods were similar, but the Tetrahymena TtRab11A and C orthologues grouped with different clades in each tree, with low bootstrap support in each case. Phylogenies were constructed using the Geneious software package (www.geneious .com).
Duplicate retention, expression level, and expression correlation analysis
Whole-genome sequencing, annotation, alignment of paralogous chromosome segments and RNA sequence analysis of P. biaurelia, P. sexaurelia, P. tetraurelia, and P. caudatum species were performed and published previously (McGrath et al., 2014a,b) . Expression levels were calculated from whole-genome sequencing of RNA from vegetative cells: RNA sequencing reads were mapped to the genome using Bowtie/TopHat (Langmead et al., 2009; Kim et al., 2013) , and transcripts were predicted using Cufflinks (Trapnell et al., 2012 ) from a logarithm transformation of the values of fragments per kilobase of exon per million fragments mapped (FPKM) reported by Cufflinks; before the log transformation, we added 0.1 to the relevant Paramecium species by microinjection using a Nikon Diaphot inverted microscope and a Narishige IM300 microinjector. Single cells were immobilized under silicon oil using an Eppendorf CellTram Vario manual microinjector, injected, remobilized, and recovered into single-cell culture. Needles for injection and immobilization were pulled using a Sutter Model P-87 micropipette puller. Each resulting line was screened for either rescue, by injection of an Nd7 gene-containing construct, of a trichocyst release phenotype in the P. tetraurelia in an Nd7-mutant (Skouri and Cohen, 1997) and GFP expression or solely for GFP expression (all other Paramecium species) on a Zeiss Axioplan wide-field epifluorescence microscope. Several GFP-positive lines for each construct were screened to check for consistency of expression pattern at different expression levels. Cellular organelles, including contractile vacuoles and the oral apparatus, were identified by correlating the bright-field channels (representative movie through the Z-stack) of each Z-series of sections taken through the cell with the green fluorescent channel. Localization patterns were virtually all consistent, although different levels of expression or brightness of GFP signal were observed. GFP-expressing cell lines were grown without allowing starvation because triggering autogamy and the ensuing remaking of the macronucleus would discard the exogenous expression vector. For confocal imaging, cells were dyed with a 5 µM final concentration of LysoTracker Red acidic dye (LysoTracker Red DND-99; ThermoFisher) for 5 min and immobilized by centrifuging a 500-µl culture into 30 µl of a 2% methyl cellulose solution. The supernatant was then removed, and the live cells embedded in the methyl cellulose were transferred onto a Fisher SuperFrost slide under a 22 × 22 mm no. 1 coverslip, and immediately imaged on either a Leica SP5 or SP8 laser scanning confocal microscope. Postprocessing of images was performed using the public domain ImageJ program (imagej .nih.gov/ij/). Supplemental Video S2 is a time lapse taken on the Leica SP8 laser scanning confocal microscope. Because expression levels of injected constructs in Paramecium cells can be affected by the amount of injected DNA, at least three independent lines of injected cells were analyzed to ascertain whether the localization patterns were reproducible and specific. In addition, fixation by paraformaldehyde and glutaraldehyde, respectively, was tried, and because the localization pattern in fixed cells was a small subset of that in live cells and thus did not accurately reflect the live-cell pattern, we continued with live-cell imaging alone for the remaining imaging.
